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 
Abstract—All the existing linear generators used for 
oceanic wave energy conversions are basically a single-
port linear electrical generators (SPLEGs). The 
conventional SPLEG transfers electrical power to the 
load/grid discontinuously due to its working principle and 
the intermittent nature of oceanic waves. This paper 
proposes a new dual-port linear electrical generator 
(DPLEG) topology, which is capable to transfer electrical 
power with an adequate voltage even at zero vertical 
velocity of the oceanic wave. The analysis shows that the 
efficiency and the performance of the DPLEG depend 
greatly on the stator tooth design. For this reason, the 
proposed DPLEG is optimized using the genetic algorithm 
for successful operation. The shape optimization method 
is implemented to determine the stator tooth shape of the 
DPLEG. By optimizing the stator tooth shape, the force 
ripples of the proposed DPLEG is further reduced by 
40.89%. The analysis is carried out using multiphysics 
simulation and the electromagnetic performance is 
determined by the finite element analysis. Simulation 
results show that the shape optimization of the stator 
tooth not only minimizes the force ripples of the translator 
but also increases the power generation of the DPLEG. A 
laboratory prototype of the proposed DPLEG is built to 
test the concept of the proposed DPLEG topology. The 
experimental results verify its unique advantage by 
showing that it can generate an adequate voltage even at 
zero vertical velocity of the oceanic wave which cannot be 
achieved using the existing SPLEGs.  
 
Index Terms— Dual-port linear generator, genetic 
algorithm, stator tooth shape optimization, wave energy 
conversion 
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I. INTRODUCTION 
HE challenges of electrical power production from 
renewable energy resources (RERs) are not only on the 
conversion of solar [1] and wind [2], [3] energies but also on 
how to address the safety issue [4] for their reliable operation. 
The oceanic wave energy (OWE) has attracted significant 
attentions worldwide as one of the non-conventional RERs. 
The OWE is able to supply a remarkable part of the existing 
demand of electrical power [1]. The values of the global wave 
energy potential are described in details and tabulated in [5] 
for different amplitude and frequency of the oceanic wave. 
Various OWE converters have been studied, and among 
them linear generators are found to be attractive due to their 
utilization of the direct-drive linear motion system [6].  The 
linear generator can also save cost and increase its 
effectiveness by avoiding the use of intermediate mechanical 
devices [7]. The permanent magnet linear generator (PMLG) 
can generate electricity directly from the sea wave when 
connected to a wave energy device. A linear primary 
permanent magnet Vernier machine system is described in [8] 
which is proposed for direct-drive OWE conversion. 
Most of the research papers focus on the improvement [9] 
of the electrical power generation from OWE in various ways. 
A lightweight translator has been proposed in [10] to improve 
the dynamics of the linear generator. Another PMLG has been 
proposed in [11] to minimize the overall system mass. The 
internal design of a tubular PMLG has been discussed in [12] 
with a saltwater air-gap bearing surface integration between 
the buoy components of the proposed PMLG. A PMLG with 
variable air gap length has been proposed in [13] to avoid 
irreversible demagnetization [14] which happens in almost 
every PMLG. A high power density linear generator is 
proposed in [15] where the armature windings are placed in 
the translator.  
Some recent research papers focus on optimization of these 
linear generators, such as the graphical optimization is 
presented in [16] for an iron-less and brush-less PMLG. The 
optimization of two tubular PMLGs for OWE conversion are 
presented in [17] by evolutionary algorithms. The design and 
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optimization of a superconducting racetrack magnet for the 
rotor of a wind-farm generator is described in [18]. However, 
the shape optimization of the stator and translator as shown in 
[19] and [20] greatly affects and improves different electrical 
and magnetic parameters of the linear generator.  
Formerly, the pole-shifting method was widely used in 
reducing the cogging force, but it may cause an unbalanced 
voltage due to the asymmetric arrangement of PMs [21]. At 
present, researchers use many existing techniques to reduce 
the cogging force, such as using skewed PMs [22], design of 
slot-less PMLGs [23], etc. For instance, a slot-less generator 
has low detent force, but the power density of this generator is 
much lower than that of the generator with slots. In other 
words, the size of a slot-less generator is larger than the 
generator with slots for generating the same amount of 
electrical power generation [23], [24]. On the other hand, the 
cogging force generates vibrations, which can affect the 
foundations and the supporting structure of the linear 
generators [25]. There are significant challenges to manage the 
stability, the lifetime, and the reliability of the OWE 
conversion while smoothing out the generated power supply to 
achieve the best use of the OWE [26].  
An oscillating water column based OWE conversion plant 
equipped with a doubly fed induction generator is modeled 
and controlled in [27]. The way to provide convenient tradeoff 
between the high-power extraction and the viable electrical 
device rating are discussed in [28]. The translator weight of a 
PMLG is reduced in [29] by a split translator and an additional 
secondary stator. The resonant behavior of a direct driven 
linear generator is shown in [30] where the translator is 
connected to a submerged float and a buoy, which can 
independently move. Therefore, all the existing linear 
generators are single-port type so far, which are unable to 
generate electricity when the translator reaches either of the 
ends as shown in Fig. 1. To keep the stator of the linear 
generator stationary, it is usually placed inside an anchored 
structure of the wave energy devices and the translator is free 
to move. 
In this paper, at first a dual-port linear electrical generator 
(DPLEG) is proposed, which is able to generate electricity 
despite of the zero vertical velocity of the translator. This 
feature is not possible in any of the existing single-port linear 
electrical generators (SPLEGs). The proposed DPLEG is 
compact in design and robust in construction. It is shown that, 
the physical tooth shape optimization of the stator of a linear 
generator can significantly decrease the force ripples and 
increase the electrical power generation. To overcome this, the 
stator tooth shape of the proposed DPLEG has been further 
optimized: i) to generate more electricity and ii) to minimize 
force ripples of the translator to prevent mechanical vibration 
or even failure. Therefore, the proposed DPLEG topology can 
minimize the cost since any type of linear generator can take 
advantage of this topology. The proposed DPLEG exhibits 
excellent features of OWE conversion by which it becomes an 
all-in-one package. 
 
Fig. 1.  Working principle of the existing single-port linear generator: (a) The 
arrangement used for oceanic wave energy extraction. (b) The position and 
velocity of the translator at different times. (c) The generated electrical power 
for different translator velocities for a full cycle of the OWE. 
II. LIMITATION OF THE EXISTING SINGLE-PORT LINEAR 
GENERATOR 
In most of the numerical analysis, the vertical motion of 
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(1) 
where z(t) is the elevation, v(t) the vertical velocity of the 
translator, Amax the maximum magnitude of the translator, α 
the phase angle, and T the time period. 
The mechanical power, Pm = Fv, obtained from the oceanic 
wave is converted to the electrical power, Pe by means of a 
linear generator where v is the velocity of the translator and F 
the applied force. In the existing SPLEG, the translator’s 
vertical speed is non-zero at translator positions 2 and 4 and 
zero at translator positions 1 and 3 as shown in Fig. 1. When 
v = 0, the SPLEG does not generate electricity. The relations 
of the oceanic wave nature, translator position, velocity, 
armature current, and the electrical power generation are 
illustrated in Fig. 1. It is also clear that, the higher the 




translator’s velocity, the higher the amplitude of the generated 
electrical power and vice-versa. The dashed enclosed area 
indicates that at translator positions 1 and 3, the conventional 
SPLEG is unable to generate electricity.  
III. MODEL OF THE PROPOSED DUAL-PORT LINEAR 
GENERATOR 
The proposed DPLEG consists of two different bodies of 
translator: the driver-translator and the driven-translator, as 
shown in Fig. 2. The float/buoy of the linear generator is 
direcly connected to the driver-translator only and the driven-
translator is connected to the driver-translator through a 
mechanical spring. 
 
Fig. 2.  Architecture of the proposed DPLEG. 
By Newton’s law, the motion of the driver and driven-
translators in the linear direction can be expressed as: 
 })({ )( 12121 zzkzkzkzkkF memmedrvr   
 )}({ )(  12221 zzkzkzkkzkF mememdrvn   
(2) 
where drvrF  is the force applied to the driver-translator, drvnF   
the force transferred to the driven-translator through the 
spring, m the mass of each of the translators, z1 the vertical 
displacement of the driver-translator, z2 the vertical 
displacement of the driven-translator, Ke  the spring constant 
of the spring situated at the both ends, and km the spring 
constant of the spring connecting the driver and driven-
translator. The natural frequency, ω can be determined by 
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where ωL and ωH  are the minimum and the maximum values 
of the natural frequencies of the driver- and driven-translators, 
respectively, which mainly depend on the spring constants and 
the masses of the translators. The more generalized equations 
of motion can be expressed as: 
 )( cos A)( cos A
2
1
)( HL1 HHLL tttz     (7) 
 )( cos A)( cos A
2
1
)( HL2 HHLL tttz      (8) 
where AL and AH are the magnitudes of the driver- and driven-
translators, respectively, and φ is the initial phase angle. If, the 
mass and spring constant are chosen such that, ωL = 2 and ωH 
= 2 2 , the simulation results of the vertical positions of the 
translators from their initial positions are shown in Fig. 3. 
 
Fig. 3.  Vertical displacement of the driver-translator (Translator-U) and 
driven-translator (Translator-D) for particular values of ω. 
The vertical motion of the driver- and driven-translators 
significantly varies for different values of  ωL and ωH. Figs. 4–
6 plot the vertical positions, velocities, and speeds of the 
driver-translator (Translator-U) and the driven-translator 
(Translator-D) for ωL = 2 and ωH = 2.2, respectively. 
 
Fig. 4.  Vertical displacement of the translators for ωL = 2 and ωH = 2.2. 





Fig. 5.  Vertical velocity of the translators for ωL = 2 and ωH = 2.2. 
 
Fig. 6.  Vertical speed of the translators for ωL = 2 and ωH = 2.2. 
According to Fig. 6, the basic advantage of this proposed 
translator system for a wide time-span is that the speed of at 
least one of the translators is non-zero, which ensures much 
electrical power generation. As the translator is connected to 
the buoy, the mathematical model of the buoy also needs to be 













  (9) 
 












where buoyz  is the vertical displacement, buoyv  the vertical 
velocity, buoya  the vertical acceleration of the cylindrical 
buoy, buoyr  the radius of the buoy, g the gravitational 
acceleration, Rrad the radiation resistance, Rvis the viscous 
resistance, ρ the mass density, wavez  the vertical displacement, 
wavev  the vertical velocity of the oceanic water. Therefore, the 




transferred to the translator of 














where Mtr is the mass of the translator, Mbuoy the mass of the 
buoy, and Mwater the added mass due to the oceanic water. 
IV. CONSTRUCTION OF THE PROPOSED DPLEG 
Fig. 7(a) illustrates the isometric and Fig. 7(b) shows the 
top view of an individual segment of the proposed DPLEG 
which contains 10 windings. Each of the winding consists of a 
pair of coils in series, which is able to generate electrical 
power of 50 W. Therefore, the power rating of this single 
segment is 500 W. The DPLEG is composed of two identical 
segments: the driver-and driven-linear generators. 
 
       (a)           (b) 
Fig. 7.  (a) The construction of one of the identical segments of the proposed 
DPLEG. (b) Top view of the DPLEG. 
The stators are identical and fixed with the enclosure. The 
driver- and driven-translators are also identical. They are 
connected to each other with a mechanical spring. The length 
of each spring needs to be matched with the stroke length of 
the translator. Then the spring constant depends on the stroke 
length, the mass of the translator and the vertical mechanical 
force created by the oceanic wave to the buoy/float. The 
number of slots/pole/phase is four and the winding factor is 
0.65. The purpose of the stator core connector is to connect 
one individual segment to another one, which is not shown in 
Fig. 7(a). This mechanism can improve the physical strength 
and robustness of this DPLEG. Ordinary mild steel core is 
used in the proposed design. 




The neodymium iron boron (NdFeB) permanent magnets 
are used in the translator with a remanence magnetic flux 
density of 1.1 T and a coercive force of –837,000 A/m. Fig. 8 
shows model of the proposed DPLEG where Edriver is the 
generated voltage of the driver-generator, Edriven the generated 
voltage of the driven-generator, Lwinding the equivalent series 
inductance of the winding, Rwinding the winding resistance, Lf 
the filtering inductance, Cf the filtering capacitance, and Rload 
the load resistance. The dotted lines around the LC filter and 


































Fig. 8.  Equivalent circuit diagram of the DPLEG with load. 
 
V. STATOR TOOTH SHAPE OPTIMIZATION OF THE DPLEG 
The simulation shows that, the stator tooth shape has the effect 
on power generation of a linear generator. Further analysis 
shows that, using this concept the performance enhancement 
of a linear generator is possible. To achieve this, the steps can 
be summerized as: (i) determination of the PM size along with 
thickness of stator teeth, (ii) selection of the factors a and b as 
shown in Fig. 9, (iii) selection of the proper curvature as 
shown in Fig. 10. 
 
          (a)              (b) 
Fig. 9. Selection of the parameters a and b. (a) Determination of the slope by 
pole tooth points and (b) selected parameters a and b. 
 
          (a)              (b) 
Fig. 10. (a) Determination of surface and (b) selected surface with points a 
and b. 
Simplified expression of the curvature is ekx –1 or u(1–e–kx), 
where the degree of curved surface is expressed by k and u a 
variable. The voltage generated by the DPLEG, can be 



















     (12) 
where gE is the generated voltage, i=−2, −1, 0, 1, 2; n=5, Kg 
a constant related to the construction of the machine, trz  the 
vertical displacement, p  the pole pitch, and trv  the velocity 
of the translator. 
As the finite element method has been used to determine the 
electromagnetic field and to calculate the applied force, a 
proper mesh setup is important for obtaining accurate results. 
In the proposed design, two types of stator tooth shapes are 
simulated. One has flat plane surfaces only, and the other has 
curved surfaces. The finite element mesh is basically a 
tetrahedra which have faceted or meshed surfaces. The 
surfaces of the plane tooth shapes match exactly the meshed 
surfaces, while the actual surfaces of the curved tooth shapes 
closely match the meshed surfaces maintaining a distance 
which is known as a surface deviation. The accuracy of the 
simulaton results depends on this deviation that can be 
minimized by increasing the mesh density. 
On the other hand, a mesh of excessively high density 
would slow down the simulation process. Since the above 
method is iterative, it will be time consuming; and it is 
possible that the method can fail to converge. Fig. 11 
illustrates a new method that has been used to create a proper 
mesh setup to achieve better results as well as to save 
simulation time. Fig. 11 also depicts the genetic algorithm for 
the optimization of the stator tooth shape. The optimization 
process shown in Fig. 11, further increases electrical power 
generation and minimizes force ripples.  
The force ripples are calculated from the applied force to 
the translator where the force can be expressed as: 
trtrtrloademtr vamFFF         (13) 
where Ftr is the total force of the translator, Fem the 
electromagnetic force, Fload the external load force, λ the 
damping, atr the acceleration, mtr the translator mass, and vtr 
the velocity of the translator. If, W is the magnetic co-energy 
of the system, B  the magnetic flux density, H the magnetic 
field intensity, the suffix ll and ul represent the lower and the 
upper limit of the moving object, respectively. The force on 
any part/object, Fobject of the translator in the moving direction 
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Fig. 11. Proposed algorithm for the graphical optimization of the stator poles. 
 
The x, y, and z axes of the proposed DPLEG are 
represented in a 3D Cartesian coordinate system as shown in 
Fig. 7(a). The oscillation of the translator force is related to the 
current and the magnetic field. The instantaneous virtual force, 
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    (15) 
where J is the conduction current density, B the flux density 
at a perticular time, θ = ωt, and ω the angluar velocity. The 
selected curvature of the stator pole tooth can be approximated 







1)( CdCdCdCdCdfh      (16) 
where C1, C2, ... C5 are the coefficients of the polynomial of 
a single indeterminate d and h is the height of stator teeth 
edge. 
VI. SIMULATION RESULTS 
In the simulation setup, the translator moves vertically at 
the velocity of 1 m/s with respect to its stators maintaining 2 
mm air gap. Fig. 12 shows the magnetic flux intensity, H, flux 
density, B, flux lines, A, and air gap field in the DPLEG 
without and with the optimization of stator tooth shape. Fig. 
13 illustrates the effects of using different LC filters after 
rectification. A selection of proper inductance and capacitance 
is required to avoid overshoot and to get proper filtered output. 
They are finally chosen as 25mH and 2mF, respectively. The 
voltage, current, and power are plotted in Fig. 14 for the 
selected LC filter. Comparing Figs. 13 and 14, the effects of 
filtering can be observed as the ripples are significantly 
minimized.  
 
Fig. 12. (a) Scale of magnetic flux lines, (b) density and (c) intensity. (d) Flux 
lines, (e) density, and (f) intensity of the DPLEG without curvature 
optimization and slope optimization. (g) Flux lines, (h) density, and (i) 
intensity of the DPLEG with both the curvature and slope optimization. 
 
Fig. 13. Generated voltages of the DPLEG for different filtering inductances 
and capacitances. 
 
Fig. 14. Voltage, current, and power of the DPLEG after filtering. 




The required applied forces on the translator of DPLEG 
with and without optimization are shown in Fig. 15. Fig. 16 
shows the core loss profile of the proposed DPLEG with and 
without optimization. The force ripples and the core loss 
components are low for the optimized DPLEG. Fig. 17 shows 
the original curved face of the proposed tooth and its 
approximation. The dimensions of the proposed DPLEG are 
tabulated in Table I. Table II shows the comparisons of the 
results for different stator tooth shapes defined by a, b, and 
straight/curved faces. It also shows that the force ripples are 
minimized successfully by optimized stator tooth shape. 
 
Fig. 15. Applied force to the DPLEG with and without optimization. 
 
Fig. 16. Core losses of the proposed DPLEG with and without optimization. 
 
Fig. 17. Selected curvature of the stator pole teeth. 
A downscale prototype and oceanic wave motion simulator 
are constructed in the laboratory. The experimental results are 
found to be promising for DPLEG when compared with that 
of the SPLEG topology. The prototype of the proposed 
DPLEG with its different components are presented in Fig. 18. 
The stroke length, time period, and maximum power rating of 
the DPLEG are around 0.36 m, 1.5 s, and 100 W, respectively. 
The dimensions of the proposed DPLEG prototype are shown 
in Table III. The unique advantage of the proposed DPLEG is 
illustrated in Fig. 19 where it is shown that the driven 
generator generates adiquate voltage at the moment of zero 
vertical velocity of the oceanic wave. The comparison of the 
generated voltages of the DPLEG obtained from the 
experiment and simulation are shown in Fig. 20 where the 
voltage per division is 20 volt/div and time per division is 20 
ms/div for both the simulation and experimental plots. 
TABLE I 
DIMENSIONS OF THE PROPOSED DPLEG 
Name of the items Value 
Thickness of the stator pole (mm) 6 
Width of the stator pole shoe (mm) 3 
Length of the stator pole shoe (mm) 7 
Thickness of the permanent magnet (mm) 11 
Vertical distance of the stator poles of the same winding (mm) 21 
Thickness of the translator core (mm) 10 
Vertical distance of the stator poles of the same side (mm) 28 
Vertical distance of the translator for one cycle (mm) 42 
Height of the stator pole shoe (mm) 20 
Length of the cross section of the copper coil (mm) 6 
Air gap between the stator pole shoe tips (mm) 1 
Width of the cross section of the copper coil (mm) 18 
Total width of the stator poles (mm) 22 
Width of the stator poles (mm) 19 
Vertical distance between two consecutive stator poles (mm) 25 
Width of the stator core connector (mm) 8 
 
TABLE II 
COMPARISONS OF DIFFERENT STATOR TEETH EFFECT IN THE SAME DPLEG 
Name of the items Value (mm) 
a=0, b=0 
Value (mm) 
a=2, b=4 (s*) 
Value (mm) 
a=3, b=7 (s) 
Value (mm) 
a=3, b=7 (c*) 
Generated power (W) 445.4 443.1 441.6 463.38 
Ripple of the dc power 13.56 10.14 10.12 12.53 
Force ripples  − 10.96 − 12.15 − 12.54 − 6.4 
Maximum value of B(T) 2.8239 2.6719 2.76 2.8648 
SD** of force 57.005 63.87 64.635 33.697 




Fig. 18. Prototype of the proposed DPLEG. Translator at the (a) lower (b) 
middle, and (c) upper position. (d) The driver-translator, (e) translator 
components, (f) driven-translator, and (g) combined form after assembling. 
  








DIMENSIONS OF THE PROPOSED PROTOTYPE 
Name of the items Value 
Air gap length between the stator and translator (mm) 2 
Height of the stator pole shoe (mm) 20 
Width of the prototype (mm) 106 
Height of the prototype (mm) 432 
Total width of the stator poles (mm) 24 
Space (width) inside the bobbin for the copper winding (mm) 18 
 
 
Fig. 20. Experimental terminal voltage of the generator compared with the 
simulation result. 
The experimental results from the 100W laboratory 
prototype of the proposed dual-port linear electric generator, 
shown in Fig. 19, verify the unique advantage of the DPLEG. 
The electrical power, Pdc is measured at the dc bus as shown in 
Fig. 8 using Pdc=Vdc×Idc where Vdc is dc bus voltage and Idc is 
line current. On the other hand, the mechanical power, Pm is 
found using Pm=Ftr×vtr where Ftr is the applied mechanical 
force on the translator and vtr is the translator velocity. 
Therefore, the efficiency,  η = Pdc/Pm. 
In contrust to the DPLEG, this feature cannot be achieved 
using the traditional SPLEG which supplies discontinuous 
power due to its working principle and the intermittent nature 
of the oceanic waves. The voltage ripples obtained from the 
experimental and simulated results for different filter 
inductances and capacitances are shown in Fig. 21 where 20 
volt/div and 20 ms/div are used for volt and time per division, 
respectively. 
 
Fig. 21. Experimental rectified output voltages with different filters and 
comparison with the simulated results. 
The sampling rate of the digital oscilloscope is 10 Ms/s 
(mega samples/second) whereas, the step size is 1ms (1000 
s/s) in the simulation setup. Therefore, some differences 
between the simulation and the experimental results are 
observed. 
VII. CONCLUSION 
The analysis and simulation results show that the proposed 
DPLEG is able to generate adequate electrical power even at 
the moment of zero translator velocity, which is a unique 
property. The proposed optimization method applied on the 
DPLEG by optimizing the curvature, size and slope of the 
stator tooth effectively reduces the force ripples. It also 
generates 17.98W more electrical power compared to that of 
the DPLEG without optimization. The full load efficiency of 
the DPLEG is maintained approximately 83.92%. The 
proposed design method used for the DPLEG with the 
optimization of the stator tooth shape is also applicable to 
other types of linear generators. An advantage of the proposed 
design method used for the DPLEG is that, by using the upper 
and lower mechanical springs, the upper and lower end 




stoppers do not need to be mounted to prevent the bumping 
between the translator and the main enclosure of the generator. 
The simulation and experimental results demonstrate the 
excellent features of the DPLEG while considering the 
electromagnetic constraints. The waveforms obtained from the 
experimental and simulated results are close to each other. 
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